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Abstract 
Functionally graded aluminium metal matrix composite (Al-Si5Cu3/B4C) was fabricated through liquid metallurgy route 
followed by horizontal centrifugal casting method. The casting was obtained under the centrifugal die rotating speed of 1250 rpm 
and has the dimensions of length 150 mm, outer diameter 160 mm and thickness 20 mm. The microstructural test was performed 
at the surfaces those were at the distances of 3, 9 and 15 mm from the outer periphery of the casting. The tribological 
performance of the composite was studied using Design of Experiments. The wear experiments were conducted on the dry 
abrasion tester as per L27 orthogonal array using silica sand AFS 50/70 as an abrasive medium. The parameters such as load (28, 
40, 52 N), speed (100, 150, 200 rpm) and distance (3, 9, 15 mm from the outer periphery of the casting) were varied for three 
levels. The response studied was wear rate and the wear performance was analysed by choosing “Smaller-the-better” 
characteristics. The influence of parameters such as applied load, sliding speed and distance from the outer periphery of the 
casting on the response was studied by using Analysis of Variance and Signal-to-Noise ratio. The results revealed that distance 
from the outer periphery of the casting has the major impact on the wear rate followed by load and speed. The worn out surfaces 
were subjected to Scanning Electron Microscope analysis and the wear mechanisms were observed. 
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1. Introduction 
    Metal Matrix Composites (MMCs) are greatly replacing the monolithic materials in the engineering and industrial 
applications due to their light weight and their tribological act [1]. The research on the MMCs led to the 
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development of advanced composite materials such as Functionally Graded Aluminium Metal Matrix Composites 
(FGAMMCs). These materials have the gradual variation in their composition/microstructure which results in 
serving two different aspects in a single part that a homogeneous material cannot perform. This led to the increasing 
use of these materials in automotive and aerospace applications [2]. 
    Studies has been made on the microstructural investigation on the composition of Al-Al2Cu Functionally Graded 
Material (FGM) fabricated through centrifugal casting process and found that the gradient in composition occurs 
due to the density differences between Al and Cu when they are in liquid state and also stating that centrifugal 
process becomes the economical way of producing FGMs [3]. The microstructure of the functionally graded 
composites is extremely controlled by the parameters such as density of reinforcement, matrix alloy, mold 
temperature, mold speed and also found that stirring of the molten metal before pouring controls the position of the 
reinforcement particles [4]. Investigation on the position and particle enriched region of the reinforcement has been 
made and reported that thickness of the reinforcement particles region depends upon rotational speed of the mold 
and also interpreted that casting/mold interface temperature decides the presence of particles at the outer periphery 
[5]. Influence of different rotational speed on the particle segregation of the casting has done and reported that 
higher rotational speed or G number produces greater gradient in the volume fraction of the particles across the 
thickness of the casting [6]. The area with the presence of more volume fraction of the reinforcement particles 
enhances the properties of the alloy matrix both in mechanical and tribological way, which permits them to use in 
the required industrial and automotive applications. One of the seriously met problems in these fields is the 
overcoming of wear. Aluminium based MMCs deliver greater abrasive wear resistance and longer life to the 
applications comparable to the components which are made up of metals such as iron and nickel based alloys [7]. 
An attempt has been made to develop Al/TiC MMCs for the abrasive wear application and the influence of wear 
parameters on the composite is analyzed through full factorial approach using the statistical method. The result 
shows that sliding distance has the significant effect on the mass loss rather than applied load and the percentage of 
reinforcement and also reported that Analysis of Variance (ANOVA) helps in constructing the regression equation 
based upon the influence of the parameters [8]. Influence of the parameters on abrasion wear behaviour of different 
composites has been investigated and the minimum wear rate condition is found out through Taguchi’s Design of 
Experiment (DOE). The results interprets that wear rate increases with increasing the normal load and decreases 
with increasing the sliding velocity [9]. 
    Based on the literature support, it is found that research is not been carried out on three body abrasion wear 
behaviour of FGMs. Thus the present investigation aims to deal with the fabrication of the FGAMMC and 
optimization of the abrasion wear parameters using Taguchi’s DOE.  
2. Selection of materials  
    The materials selected for the fabrication of FGAMMC are Al-Si5Cu3 alloy matrix due to its suitability for 
applications such as in engine block, cylinder-heads, crank cases etc., and B4C (10 wt %) as reinforcement due to its 
hardness and wear properties. The average particle size of B4C is taken as 33 μm. The density of the matrix alloy 
and the reinforcement are 2.75 gm/cm3 and 2.52 gm/cm3 respectively. The chemical composition of alloy is shown 
in Table 1. 
                                 Table 1. Chemical composition of Al-Si5Cu3 alloy. 
Chemical 
composition 
Si Fe Cu Mn Mg Cr Ni Zn Ti Pb Ca Al 
% 4.3 0.5 2.2 0.20 0.16 0.01 .039 .30 .028 0.02 0.007 92 
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3. Synthesis of functionally graded composite 
    The matrix alloy Al-Si5Cu3 is taken in the graphite crucible and placed inside the heating chamber of the 
electrical resistance furnace for melting. The argon gas is supplied into the heating chamber to avoid unwanted 
reactions and to get the casting free from defects. The preheated B4C particles are added gradually to the molten 
metal through the hopper at the furnace. A stirrer setup is made on the furnace that provides the mechanical means 
of stirring of molten metal with the reinforcement. The stirrer is allowed to rotate at 300 rpm through the motor 
which helps to attain the uniform dispersion of B4C particles in the molten metal. Then the graphite crucible is taken 
from the heating chamber and the molten metal is poured at the temperature of 760 ºC into the preheated (350 ºC) 
metallic die of the horizontal centrifugal casting machine (Fig. 1) which rotates at 1250 rpm and has the dimensions 
of 160 mm inner diameter and 150 mm length. Belt and pulley arrangement is made on the centrifugal casting setup 
to transform the rotational motion of the motor to the die. The die is rotated till solidification of the molten metal 
and the cast component (Fig. 2) is removed from the die after solidification. 
 
 
Fig. 1. Horizontal centrifugal casting setup. 
 
 
Fig. 2. Hollow cylindrical cast component. 
4. Design of experiments 
    The basic idea of DOE is to know the influence of different parameters and their interactions on the response by 
conducting only minimum number of experiments and to bring out the optimum combination of the parameters that 
yields better response. The parameters selected for conducting the abrasive wear experiments are applied load, 
sliding speed and distance from the outer periphery of the casting. The selected three levels of each parameter are 
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given in Table 2. For the selected parameters and their levels, a full factorial L27 orthogonal array is produced using 
DOE to study the wear rate. 
 
 
Table 2. Parameters and their levels. 
S.No Load (N) Speed (rpm) Distance from outer periphery (mm) 
1 28 100 3 
2 40 150 9 
3 52 200 15 
5. Microstructural examination 
    The composite specimens are prepared and polished for performing the microstructural test. Keller’s reagent is 
used for etching the specimen surfaces. Zeiss Axiovert 25 CA Inverted Metallurgical Microscope is used for 
observing the microstructure. The microstructure observation is done on the surfaces at the distances of 3, 9 and 15 
mm from the outer periphery of the casting to observe the distribution of reinforcement particles at the surfaces.  
6. Abrasive wear test 
    The specimens of size 75x25x12 are prepared from the casting and the experiments are conducted on the 
specimens in the sequential order as per L27 orthogonal array. The dry abrasion tester (Fig. 3) is used for conducting 
the experiments as per ASTM (G-65) standard on the composite specimens.  It has the fixed rotating chlorobutyl 
rubber wheel of 228 mm diameter that acts as a counter face. The specimen is weighed initially in an electronic 
weighing machine which has an accuracy of 0.1 mg. Then the specimen is fixed in the specimen holder which is 
located at one end of the lever. The lever has loading pan at the other end to add dead weights. The required load is 
applied at the loading pan, and the corresponding speed is set. Abrasive medium of silica sand AFS 50/70 is loaded 
on the hopper of the machine. The abrasive medium falls at the rate of 354 gm/min between the specimen and the 
counter face during the run of the experiment. The applied load presses the specimen against the counter face while 
there is continuous flow of abrasive medium between the specimen and the counter face. The wear produced by the 
abrasive medium is resulted in three body abrasion wear. After completion of the experiment, weight of the 
specimen is again measured and the mass loss is determined from the weight difference. The composite specimen 
(before and after experiment) is shown in Fig. 4. All the experiments are conducted for the constant time of 5 
minutes. The abrasion wear rate is calculated using the formula  
dMS
G
Wa
'                                              
(1) Where Wa is the abrasion wear rate (mm3/Nm), ∆G is mass loss (gm), d is density (gm/mm3), M is the applied 
load (N), S is the sliding distance (m). 
 
  
 
                                                   Fig. 3.Dry abrasion tester.                                 Fig. 4. Specimen before and after experiment. 
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7. Results and discussions 
    The evaluation of microstructure, abrasion wear behaviour, Signal-to-Noise (S/N) ratio analysis, ANOVA and 
Scanning Electron Microscope (SEM) analysis of the worn out surfaces of FGAMMCs are discussed in detail 
below. 
7.1. Evaluation of microstructure 
    The microstructural observation at various surfaces of the FGAMMC reinforced with B4C is shown in Fig. 5.  
  
        
 
 
Fig. 5. Microstructure of the composite at various surfaces (a) 3 mm; (b) 9 mm and (c) 15 mm. 
 
    The surface at the distance of 3 mm (Fig. 5a) from the outer periphery of the composite has more reinforcement 
particles, where the surface of 9 mm (Fig. 5b) has less reinforcement particles, and the surface of 15 mm (Fig. 5c) 
has very less number of particles at the surface. The movement of reinforcement particles towards outer periphery is 
caused by the action of centrifugal force on the particles in the molten metal. The surface at the distance of 15 mm 
has the presence of porosities, which might be due to the movement of the less dense gas bubbles under the 
centrifugal force. The movement of these less dense gas bubbles from outer periphery towards the inner periphery of 
the casting causes the reinforcement particles to move in the reverse direction i.e. towards the inner periphery. This 
might be the reason for observation of very few particles at the inner periphery of the casting, where the same 
observation is attained [10]. The particle rich region of 3 mm will have the higher hardness and the wear resistance 
which makes them suitable for the applications such as in cylinder liners and brake drum. The inner periphery will 
have great toughness which makes them to use in required applications. Thus two different aspects within a single 
a b 
c 
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part can be achieved through the fabrication of FGM under centrifugal force. 
7.2. Abrasion wear behaviour 
    The abrasion wear rates obtained for the series of experiments conducted for the different combination of 
parameters such as load, sliding speed, and distance from the outer periphery, as per L27 orthogonal array are 
tabulated in Table 3. The response is analyzed using the statistical software Minitab 15, which is mostly used for 
engineering purposes. The S/N ratio generated for each wear rate to know the quality characteristics are also shown 
in Table 3. 
Table 3. Results of L27 orthogonal array. 
Exp. 
No Load (N) Speed (rpm) Distance (mm) Wear rate (mm
3/ Nm)  S/N ratio (dB) 
1 28 100 3 0.00387 48.2458 
2 28 100 9 0.00441 47.1112 
3 28 100 15 0.00429 47.3509 
4 28 150 3 0.00330 49.6297 
5 28 150 9 0.00420 47.5350 
6 28 150 15 0.00427 47.3914 
7 28 200 3 0.00333 49.5511 
8 28 200 9 0.00382 48.3587 
9 28 200 15 0.00398 48.0023 
10 40 100 3 0.00439 47.1507 
11 40 100 9 0.00524 45.6134 
12 40 100 15 0.00521 45.6632 
13 40 150 3 0.00390 48.1787 
14 40 150 9 0.00412 47.7021 
15 40 150 15 0.00444 47.0523 
16 40 200 3 0.00326 49.7356 
17 40 200 9 0.00414 47.6600 
18 40 200 15 0.00449 46.9551 
19 52 100 3 0.00416 47.6181 
20 52 100 9 0.00509 45.8656 
21 52 100 15 0.00512 45.8146 
22 52 150 3 0.00426 47.4118 
23 52 150 9 0.00487 46.2494 
24 52 150 15 0.00505 45.9342 
25 52 200 3 0.00374 48.5426 
26 52 200 9 0.00432 47.2903 
27 52 200 15 0.00529 45.5309 
    The mean and S/N ratio plots for wear rate are also generated. The mean plot for wear rate shows the trend of the 
wear rate when changing the parameter from one level to the different level. Fig. 6 shows that, wear rate decreases 
with increasing the speed and increases with increasing load, and also increases as distance increases from the outer 
periphery of the casting. The cause for increase of wear rate during the increase of load is due to more physical 
contact of the specimen with the rubber wheel and silica sand abrasive medium. The abrasion on the specimen is 
mainly produced by this silica sand abrasive medium which falls between the specimen and the rubber wheel. Thus 
silica sand particles penetrate into the surface of the specimen when more contact is made when increasing the 
applied load. This produces more wear rate on the composite and the similar trend is observed [11]. The wear rate 
increases drastically from the distance of 3 to 9 mm and increases slightly from the distance of 9 to 15 mm towards 
inner periphery of the casting. This is due to decrease of the presence of reinforcement particles when moving from 
outer to inner periphery. The location and presence of reinforcement particles at different distances of the casting is 
greatly controlled by the centrifugal force. The centrifugal force acting on the molten metal contains the 
reinforcement particles in its liquid state produces the distribution of the reinforcement particles along the periphery 
of the casting. 
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Fig. 6. Main effect plot for mean-Wear rate. 
 
    The distance of 3 mm from the outer periphery of the casting shows less wear rate which means that this surface 
has the presence of more reinforcement particles which is confirmed through the microstructural observation at 3 
mm (Fig. 5a). This surface shows less abrasion wear rate due to the greater bonding of the B4C reinforcement 
particles with the matrix. This bonding avoids the damage produced by the silica sand abrasive medium on the 
composite specimen and the removal of reinforcement particles from the matrix does not occurs, where the similar 
pattern is resulted [12, 13]. The distance of 9 and 15 mm shows more wear rate than the distance of 3 mm which 
ensures that there are only fewer reinforcement particles present at these surfaces, which is confirmed by the 
microstructural observation at the surface of 9 and 15 mm (Fig. 5b and c). Thus the surface which has more volume 
fraction of reinforcement particles has better surface hardness thereby increases the wear resistance. The less 
reinforced region becomes softer surface and has less surface hardness, thus it tends to easily get abraded by the 
abrasive medium and results in more wear rate. The reason for decrease of wear rate with the increase of speed is 
because of less contact time of the specimen with the counter face. Due to less contact time, the silica sand abrasive 
medium does not get penetrated into the specimen surface. Therefore, it results in less wear rate. The S/N ratio plot 
(Fig. 7) shows the optimum level of each parameter which outcomes in minimum wear rate of the composite. The 
optimum level of the parameters is load = 28 N, speed = 200 rpm and distance = 3 mm (from the outer periphery of 
the casting). 
 
 
 
Fig. 7. Main effect plot for S/N ratio – Wear rate. 
720   N. Radhika and R. Raghu /  Procedia Engineering  97 ( 2014 )  713 – 722 
7.3. S/N ratio analysis 
    The S/N ratio analysis is made to identify the parameter that influences more on the response and the influence of 
the parameters in the sequential order. The delta value in the response table predicts the amount of influence by the 
particular parameter. The delta value is the difference between the maximum and minimum value of that particular 
parameter. The parameter with the high delta value is the parameter that influences more on the abrasion wear rate. 
From Table 4, it is noted that distance from outer periphery of the casting is the most influencing parameter on the 
wear rate followed by load and speed. 
 
Table 4. Response table for S/N ratio-Smaller-the-better (Wear rate). 
Level Load (N) Speed (rpm) Distance (mm) 
1 48.13 46.71 48.45 
2 47.30   47.45 47.04 
3 46.70 47.96 46.63 
Delta 1.44 1.24 1.82 
Rank 2 3 1 
7.4. Analysis of Variance 
    The aim of performing ANOVA on the obtained results is to measure the percentage contribution of each 
parameter on the response and the various combinations of parameters that contributes significantly on the response. 
Here, the analysis is performed to know the influence of parameters such as load, speed, distance from the outer 
periphery and their interactions on the response. The analysis is performed with the confidence level of 95 % and 
with the significance level of 5 %. From the ANOVA table for wear rate (Table 5), it is observed that, the parameter 
which has the P value less than 0.05 contributes much on the wear rate. The interaction of the parameters have the P 
value more than 0.05 reveals that, it contributes less on the response. The last column of the ANOVA table indicates 
the percentage contribution of each parameter on the response. The distance has the major contribution (Pct =42.2 
%) followed by load (Pct = 25.5 %) and speed (Pct= 18.8%) on the wear rate of the composite.  
 
Table 5.Analysis of Variance for wear rate.  
Source DF Seq SS Adj SS Adj MS  F P Pct (%) 
L(N) 2 0.0000023 0.0000023 0.0000012 27.64 0.000 25.5 
S(rpm) 2 0.0000017 0.0000017 0.0000008 19.80 0.001 18.8 
D(mm) 2 0.0000038 0.0000038 0.0000019 45.36 0.000 42.2 
L(N)*S(rpm) 4 0.0000005 0.0000005 0.0000001 3.08 0.082 5.5 
L(N)*D(mm) 4 0.0000002 0.0000002 0.0000000 0.92 0.496 2.2 
S(rpm)*D(mm) 4 0.0000003 0.0000003 0.0000001 1.59 0.267 3.3 
Error 8 0.0000003 0.0000003 0.0000000   3.3 
Total 26 0.0000090      
 
    Note: DF - Degrees of Freedom, Seq SS - Sequential Sum of Squares, Adj SS - Adjacent Sum of Squares, Adj 
MS - Adjacent Mean Squares.  
7.5. Scanning Electron Microscope analysis 
    The worn out surfaces observed using SEM analysis is shown in Fig. 8. The various conditions taken for SEM 
analysis can explain the wear resistance of the composite effectively. All the worn out surfaces shown in Fig 8, are 
abraded at the speed of 200 rpm. The worn out surface (Fig. 8a) at the condition of low load (28 N) and less 
reinforced region (distance of 15 mm from outer periphery) shows long continuous grooves with scratches in the 
direction of the sliding of the rubber wheel and the abrasive medium. When the load increased from 28 to 52 N on 
the less reinforced region, there is a change of wear mechanism from mild to severe wear (Fig. 8b), where the same 
pattern is resulted [14]. The increasing contact due to increasing load allows the abrasive medium to penetrate into 
the surface. This penetration of silica sand abrasive particles produces larger and deeper grooves on the surface. 
These penetrating medium are easily producing the action of cutting and ploughing on the surface due to presence of 
less reinforcement particles at the surface, which results in more wear rate of the composite and the same 
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mechanism is observed [15]. The high reinforced region (distance of 3 mm from the outer periphery) at high load 
(Fig. 8c) shows only fine and shallow scratches. In this surface, the penetration of the abrasive particles gets 
decreased drastically comparing to the less reinforced region, since the high reinforced region tends to serve higher 
hardness to the composite. The greater bonding of the reinforcement particles with the matrix alloy at this surface 
bears the load that affects the matrix. This results in less ploughing action and less wear rate of the composite, where 
the similar result is attained [16,17]. 
 
  
 
 
 
Fig. 8. SEM micrographs of the worn out surfaces at various conditions (a) L = 28 N, D =15mm; (b) L = 52 N, D = 15mm and (c) L = 52 N,  
D = 3mm.    
8. Conclusion 
    Functionally graded aluminium metal matrix composite containing B4C particles as reinforcement is successfully 
produced under centrifugal casting. The microstructural test reveals that maximum amount of reinforcement 
particles at the surface of 3 mm from the outer periphery of the casting and minimum amount of reinforcement 
particles along with the presence of porosities at the surface of 15 mm from the outer periphery of the casting. The 
abrasion wear rate of the composite decreases with increasing the speed and increases with increasing load and 
distance from outer periphery. Signal-to-Noise ratio analysis gives the optimum level of parameters as load of 28 N, 
speed of 200 rpm and distance of 3 mm, which results in minimum wear rate. The Analysis of Variance result shows 
that, surface at various distances from the outer periphery of the casting contributes much on the wear rate followed 
by load and speed. The worn out surfaces reveals that high reinforced region protects the matrix alloy from loss of 
material even at high load condition which results in less wear rate. Therefore, functionally graded aluminium/B4C 
metal matrix composite can be utilised in automotive and aerospace industry, for the applications that requires high 
wear resistance and they can be used especially in producing cylinder liners and brake drum.   
a b 
c 
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